The central role of the multifunctional protein nephrin within the macromolecular complex forming the glomerular slit diaphragm is well established, but the mechanisms linking the slit diaphragm to the cytoskeleton and to the signaling pathways involved in maintaining the integrity of the glomerular filter remain incompletely understood. Here, we report that nephrin interacts with the bicarbonate/chloride transporter kidney anion exchanger 1 (kAE1), detected by yeast two-hybrid assay and confirmed by immunoprecipitation and co-localization studies. We confirmed low-level glomerular expression of kAE1 in human and mouse kidneys by immunoblotting and immunofluorescence microscopy. We observed less kAE1 in human glomeruli homozygous for the NPHS1 FinMaj nephrin mutation, whereas kAE1 expression remained unchanged in the collecting duct. We could not detect endogenous kAE1 expression in NPHS1 FinMaj podocytes in primary culture, but heterologous re-introduction of wild-type nephrin into these podocytes rescued kAE1 expression. In kidneys of Ae1 Ϫ/Ϫ mice, nephrin abundance was normal but its distribution was altered along with the reported kAE1-binding protein integrin-linked kinase (ILK). Ae1 Ϫ/Ϫ mice had increased albuminuria with glomerular enlargement, mesangial expansion, mesangiosclerosis, and expansion of the glomerular basement membrane. Glomeruli with ILK-deficient podocytes also demonstrated altered AE1 and nephrin expression, further supporting the functional interdependence of these proteins. These data suggest that the podocyte protein kAE1 interacts with nephrin and ILK to maintain the structure and function of the glomerular basement membrane.
Anion exchanger 1 (AE1; SLC4A1), an SLC4 bicarbonate transporter family member, is transcribed as an erythroid isoform (eAE1) and a truncated kidney isoform (kAE1) lacking amino acids 1 through 65 in humans. 1 eAE1 comprises the core of the multiprotein complex of integral and peripheral membrane proteins essential to the structural integrity of the red cell membrane, and its bicarbonate/chloride activity is required for gas transport (see reviews 2, 3 ). In the kidney, kAE1 is localized to the basolateral membrane of collecting duct type A intercalated cells. Normal terminal urinary acidification by these cells requires kAE1-mediated bicarbonate reabsorption into the blood. Specific mutations in AE1 usually cause either autosomal dominant hereditary ovalo-spherocytosis or distal renal tubular acidosis (dRTA). 4 In rare cases of homozygous recessive or compound heterozygous AE1 mutations, both the erythroid and renal phenotypes can manifest in the same individuals. [5] [6] [7] In addition to these established roles, low-level AE1 expression has been detected in the glomerulus, 8, 9 but its potential function or interactions in the glomerulus are unknown.
AE1 possesses a long cytoplasmic N-terminus, a 12-to 14-span transmembrane transporter domain, and a short C-terminal cytoplasmic tail (Supplemental Figure 1) . Both the N-and C-terminal domains of kAE1 contain tyrosine residues critical for basolateral targeting, 10, 11 which is likely regulated by phosphorylation. 11 The N-terminus of kAE1 interacts with integrin-linked kinase (ILK), 12 a protein that binds the cytoplasmic domains of ␤-integrins and cytoskeleton-associated proteins. 13, 14 The kAE1/ILK interaction enhanced kAE1 trafficking to the plasma membrane in HEK293 cells, 12 but deletion of the majority of the ILKinteracting region in kAE1 did not affect its polarized trafficking in MDCK cells. 11 Thus, the physiologic importance of the kAE1-ILK interaction in the kidney remains unclear. We searched for proteins that interact with the C-terminus of kAE1, using a yeast two-hybrid screen of a human kidney cDNA library, and identified a novel interaction between kAE1 and nephrin.
Nephrin is a single-spanning transmembrane Ig superfamily protein (Supplemental Figure 1) and an integral component of the podocyte slit diaphragm (SD), a structure critical to the glomerular selectivity filter. 15 Mutations or gene targeting of nephrin results in congenital nephrotic syndrome. 16, 17 The nephrin extracellular domain contributes to the structural framework of the SD via homo-and heterodimeric interactions with neighboring nephrin polypeptides and nephrin-like homologs Neph1 and Neph2. 15,18 -20 The intracellular domain of nephrin contains multiple tyrosine phosphorylation sites and interacts with podocin, 21, 22 CD2-associated protein, 23, 24 Nck proteins, [25] [26] [27] the ion channel TRPC6, 28, 29 and adherens junction proteins. 30, 31 These interactions anchor the SD complex to the underlying cytoskeleton and participate in signal transduction. Nephrin also forms a multicomponent ternary complex with ILK. 32 The proteinuric phenotype of mice with podocyte-specific deletions of ILK and other components of the basally situated ILK/integrin complex [32] [33] [34] [35] suggests that SD and basal domain signaling complexes of podocytes cooperate to maintain integrity of the glomerular filtration barrier.
In view of the direct associations of ILK with kAE1 12 and nephrin, 32 we investigated the physiologic significance of the nephrin/kAE1 interaction. Our studies demonstrate the importance of nephrin for stable kAE1 expression in podocytes and the in vivo interdependence of levels and subcellular localization among kAE1, nephrin, and ILK in podocytes, suggesting a novel role of kAE1 in glomerular function.
RESULTS

Nephrin Interacts with kAE1 in the Yeast Two-Hybrid Assay
A yeast two-hybrid screen of a human kidney cDNA library using the C-terminus (residues 877 to 911) of human kAE1 revealed an interaction with two clones identical to nephrin (GenBank accession number AF035835). This cDNA was subcloned, and subsequent directed two-hybrid assay confirmed the interaction between the C-terminal domains of kAE1 and nephrin.
kAE1 Binds to Nephrin in HEK293T Cells, but Its Transport Activity Is Unaffected by Nephrin Coexpression in Xenopus Oocytes
Co-immunoprecipitation studies confirmed the interaction between kAE1 and nephrin ( Figure 1 ). kAE1 was transiently expressed in HEK293T cells alone or in combination with either wild-type nephrin or the most prevalent nephrin mutant linked with congenital nephrotic syndrome of the Finnish type, a frameshift leading to a 90-residue C-terminal truncation (NPHS1 Fin Maj ). kAE1 was co-immunoprecipitated from the co-transfected HEK293T cells with wild-type but not mutant nephrin using an antibody against N-terminus of nephrin ( Figure 1A ). In the reciprocal experiment, wild-type nephrin was co-immunoprecipitated with kAE1 using an antibody against the N-terminus of kAE1 ( Figure 1B ). These findings indicate that kAE1 and nephrin can interact to form a protein complex.
We next used kAE1 C-terminal synthetic peptides to pull down nephrin from the lysates of HEK293T cells overexpressing nephrin ( Figure 1C) . A synthetic peptide corresponding to either full-length (33 amino acids; RNVELQCLDADAKAT-FDEEEGRDEYDEVAMPV) or an identical C-terminal peptide with phosphorylated tyrosine Y904 specifically interacted with nephrin. Tyrosine phosphorylation of Y904 had no effect on the binding of the isolated kAE1 full-length C-terminus to nephrin.
Additional co-immunoprecipitation experiments in HEK293T cells coexpressing nephrin and a panel of N-or C-terminally truncated eAE1/kAE1 constructs ( Figure 1D ) demonstrated that the binding of kAE1 to nephrin persisted even after deletion of the majority of the kAE1 cytoplasmic N-terminal domain (amino acids 66 through 360; containing the ILK-binding site) or the entire kAE1 C-terminal cytoplasmic domain (amino acids 876 to 911). Taken together, these results indicate the existence of nephrin-binding sites in kAE1 in addition to that in its cytosolic C-terminus. These sites may occur within the kAE1 transmembrane, juxtamembrane, or extracellular domains, akin to the multiple AE1-binding sites in glycophorin A (GPA). 4, 5, 36 The existence of multiple kAE1-nephrin interaction sites suggests a close association between the two membrane proteins, but further work is needed to characterize these additional sites.
Several proteins that interact with eAE1 in red cells, includ-ing GPA, enhance AE1 trafficking and/or activity when coexpressed in heterologous expression systems 7,12,36 -39 ; however, nephrin coexpression with kAE1 had no obvious effect on kAE1 subcellular localization in HEK293T as observed by confocal microscopy (data not shown). We therefore investigated the effect of nephrin coexpression on kAE1 transport activity in Xenopus oocytes ( Figure 2 ). In vitro-transcribed kAE1 and nephrin cRNAs were co-injected into Xenopus oocytes and the kAE1-specific anion transport estimated as stilbene-sensitive chloride uptake induced in the oocytes. The chloride influx did not increase when kAE1 was coexpressed with nephrin. Rather, at low concentrations of injected kAE1 cRNA, nephrin coexpression slightly reduced kAE1 transport activity, probably as a result of competition between cRNAs for the translational machinery, as has been previously observed in some other types of coexpression experiments. 38 Nephrin did not rescue activity of any tested dRTA-or hereditary spherocytosis-associated kAE1 mutants. These findings suggest that nephrin is not a nonspecific chaperonin protein for kAE1.
kAE1 Is Endogenously Expressed and Co-localized with Nephrin in the Human Glomerulus
The endogenous glomerular expression of kAE1 was confirmed by Western blot analysis of glomerular lysate and by immunofluorescence confocal microscopy ( Figure 3 ). In the absence of available immunocytologycompetent antibodies specific for the kidney AE1 isoform, the presence of kAE1 protein in human glomerular lysate was deduced as follows ( Figure 3 , A through D): AE1 was detected at a very low level of expression in the lysate by two monoclonal AE1 antibodies that recognized distinct regions of AE1 that are common to both isoforms; in contrast, neither the erythroid isoform, eAE1, nor its subunit, GPA, which is present only in the red cells, was detectable in the glomerular lysate with specific anti-eAE1 and anti-GPA antibodies. These results indicate specific detection of kAE1 in the glomerular lysate and argue against the presence of eAE1 associated with residual red cells in the lysate preparation. The low level of kAE1 expression in glomeruli and in podocyte cell lines (see Nephrin is Required for Stable Endogenous Expression of kAE1 in Cultured Podocytes section below) has so far precluded confirmation of the interaction between kAE1 and nephrin by endogenous co-immunoprecipitation. Immunofluorescence confocal microscopy of normal human kidney sections demonstrated low levels of kAE1 staining in the glomeruli, some of which was in a linear capillary loop pattern similar to that of nephrin but at a much lower level of expression than in distal nephron. Merging of the kAE1 and nephrin images indicated partial co-localization of the two proteins in the glomerulus (Figure 3 , E through G). In contrast, labeling with a specific anti-eAE1 antibody revealed absence of glomerular signal except for occasional punctate staining corresponding to red cells ( Figure 3, H and I ). In addition, kAE1 staining was adjacent to but not overlapping with that of the endothelial marker platelet-endothelial cell adhesion molecule 1 or with that of the mesangial marker ␣-smooth muscle actin (data not shown). These observations are consistent with the The reciprocal experiment demonstrates the co-immunoprecipitation of wild-type nephrin with kAE1 using BRIC 170. Representative blots of at least three independent experiments are shown. These results confirm that kAE1 binds to the full-length nephrin. (C) kAE1 C-terminal pulldown experiments on HEK293T cells transfected with wild-type nephrin. Synthetic histidine-tagged fulllength C-terminal peptide with or without phosphorylation of tyrosine 904 (His-AE1 pCT and His-AE1 CT, respectively) interacts specifically and equally with nephrin. This confirms the interaction between kAE1 C-terminus and nephrin. (D) Co-immunoprecipitations conducted on HEK293T cells coexpressing nephrin and a panel of N-or C-terminally truncated eAE1/kAE1 constructs. The kAE1-nephrin association persists after deletion of the kAE1 cytoplasmic N-terminal domain (AE1 amino acids 66 through 360) or its entire C-terminal cytoplasmic domain (amino acids 876 through 911). This indicates that interaction sites in addition to the kAE1 C-terminus exist between nephrin and kAE1.
suggestion that the kAE1 isoform is expressed endogenously in podocytes and co-localizes with nephrin.
Expression of kAE1 in NPHS1 Fin Maj Human Kidney Sections Is Diminished
We further examined the endogenous relationship between kAE1 and nephrin by immunofluorescence staining of kAE1 in nephrectomy specimens without glomerular pathology and in specimens from a patient homozygous for the NPHS1 Fin Maj mutation ( Figure 4 ). In the normal kidney, kAE1 staining was evident in glomerular capillary loops, with staining in the periglomerular tuft. In contrast, kAE1 expression was altered in the patient's kidney. The punctate clusters of AE1 staining throughout the patient's glomeruli overlapped with the erythrocyte-specific protein GPA, identifying them as red cell aggregates (Supplemental Figure 2) Of note, kAE1 staining in the connecting tubules and collecting ducts, which do not express nephrin, remained undisturbed in the NPHS1 Fin Maj mutant kidney sections. These observations suggest that diminution and altered distribution of kAE1 expression within the glomerulus was due to the loss of wild-type nephrin and not secondary to nonspecific renal parenchymal damage. Hence, normal glomerular expression of kAE1 seems to be dependent on the presence of intact nephrin.
Nephrin Is Required for Stable Endogenous Expression of kAE1 in Cultured Podocytes
The dependence of kAE1 expression on nephrin was confirmed in immunofluorescence studies with conditionally immortalized human wild-type and mutant nephrin (NPHS1 Fin Maj ) podocytes ( Figure 5 ). In wild-type podocytes, endogenous kAE1 expression was detected at the cell surface with some faint cytoplasmic staining, a pattern coincident with that of nephrin staining. In contrast, the absence of nephrin expression in the mutant podocytes was accompanied by concomitant loss of detectable plasma membrane kAE1 and diminished intracellular kAE1 expression ( Figure 5A ). Furthermore, transfection of wild-type nephrin into mutant podocytes restored the endogenous expression of kAE1 ( Figure 5B ). Immunoprecipitation experiments confirmed the presence of kAE1 in the wild-type podocytes (both untransfected and those transfected with wild-type nephrin) and the absence of detectable kAE1 in the mutant podocytes. The low and variable efficiency of nephrin transfection into the cultured podocytes prevented reproducible demonstration by immunoprecipitation of nephrin rescue of kAE1 expression in the mutant podocytes (Supplemental Figure 3) ; however, this rescue was consistently observed by immunofluorescence imaging of nephrin-transfected cells. These results strongly suggest that stable endogenous kAE1 expression in podocytes requires expression of wild-type nephrin.
Diminished Glomerular Expression of Nephrin in Ae1
؊/؊
Mice Is Associated with Albuminuria
To examine whether nephrin expression was reciprocally dependent on kAE1, we examined glomerular expression of nephrin in 12-week-old Ae1 Ϫ/Ϫ and Ae1 ϩ/ϩ mouse littermates by immunofluorescence staining and Western blotting ( Figure 6 ). kAE1 was present in the glomeruli and distal nephron tubules in Ae1 ϩ/ϩ mice but absent in the kidneys from Ae1 Ϫ/Ϫ animals. Nephrin staining in the glomerulus was more diffusely localized and reduced in intensity in Ae1 Ϫ/Ϫ mice ( Figure 6A ), whose glomeruli were significantly enlarged compared with their wild-type counterparts (Ae1 Ϫ/Ϫ glomeruli 147 Ϯ 8; Ae1 ϩ/ϩ glomeruli 69 Ϯ 2; mean cross-sectional diameter m Ϯ SEM; P Ͻ 0.0001; n ϭ 18). Immunoblotting of glomeruli-enriched cortical lysates revealed comparable abundance of nephrin protein in 12-week-old Ae1 Ϫ/Ϫ and Ae1 ϩ/ϩ littermates ( Figure 6B ). However, urine from Ae1 Ϫ/Ϫ and Ae1 ϩ/ϩ littermates aged 4 to 6 weeks or 12 weeks demonstrated by SDS-PAGE abundant 70-kD protein corresponding to albumin in two of the three younger and three of the four older Ae1 Ϫ/Ϫ mice but in none of the Ae1 ϩ/ϩ animals (Figure 6C) . Thus, although the absence of kAE1 is not associated with detectable change in total nephrin protein levels, it does result in altered glomerular distribution of nephrin and variably increased albuminuria.
Morphologic Alterations in Glomeruli of Ae1
؊/؊ Mice
We examined kidney sections from four pairs of 12-week-old Ae1 Ϫ/Ϫ and Ae1 ϩ/ϩ mice by light and electron microscopy for BASIC RESEARCH www.jasn.org structural changes in the glomerulus. Light microscopy (Supplemental Figure 4 ) revealed in Ae1 Ϫ/Ϫ mice glomerular enlargement, moderate to marked mesangial expansion with increased matrix deposition, mesangiosclerosis, and mesangiolysis. Preservation of podocytes was confirmed in the Ae1 Ϫ/Ϫ glomeruli by immunofluorescence staining with an additional podocyte marker (synaptapodin) and was accompanied by increased mesangial cell staining and fibronectin deposition (Supplemental Figure 5) .
Transmission electron microscopy ( Figure 7 ) further confirmed marked mesangial expansion and sclerosis with collagen fibrils and hyaline deposition in all four Ae1 Ϫ/Ϫ mice examined.
At the ultrastructural level, a spectrum of changes was observed in the glomerular basement membrane (GBM) of the knockout animals, ranging from mild to marked, and irregular GBM thickening up to 10-fold greater than that of Ae1 ϩ/ϩ mice. Splitting and lamination of the GBM were also frequently observed in Ae1
Ϫ/Ϫ mice. The podocyte foot processes, filtration slits, and endothelial fenestrations remained largely intact, with only focal areas of effacement. There was no podocyte detachment from the GBM. In view of the associations of ILK with kAE1 12 and with nephrin 32 and considering the phenotype of mice with podocyte-specific Ilk deletion (podo-Ilk Ϫ/Ϫ mice), [32] [33] [34] we examined the possible in vivo interrelationship among the three proteins by confocal immunofluorescence microscopy ( Figure 8 ). In wild-type mouse glomeruli (Figure 8 , A through F), both nephrin and AE1 demonstrated linear patterns of staining along the GBM, consistent with podocyte staining, and each colocalized with ILK. In the Ae1 Ϫ/Ϫ mouse ( Figure 8 , g through L), AE1 staining was absent and staining of both ILK and nephrin was altered. ILK staining appeared diffuse and reduced in intensity. Nephrin staining was also more diffuse, consistent with the findings in Figure 6A . In podo-Ilk Ϫ/Ϫ mice ( Figure 8 , M through R), glomerular AE1 and nephrin both exhibited altered staining patterns with reduced intensity and patchy distribution throughout the glomerulus. These observations strongly suggest interdependence among ILK, AE1, and nephrin such that deletion of any one polypeptide alters expression and/or distribution of the others.
DISCUSSION
This study reports several novel aspects of glomerular biology. It reveals that kAE1 is expressed at low levels in glomerular podocytes and is dependent on the SD protein nephrin. Expression and localization of nephrin, as well as of ILK, which forms part of the integrin complex, are similarly dependent on the presence of kAE1 in the glomerulus. These three proteins seem to be functionally interconnected and may contribute to the novel role of glomerular kAE1 in maintaining the glomerular filtration barrier to prevent or minimize proteinuria. We first tested the hypothesis that nephrin may act as a chaperonin for kAE1 in the kidney. Although no enhancement of nephrin on kAE1 transport activity in Xenopus oocytes was detected, we did observe a dependence of kAE1 expression on nephrin expression in podocytes, both in immortalized cell lines and in intact kidney. We do not know which aspect of kAE1 trafficking or stabilization in podocytes is dependent on nephrin. In the absence of nephrin, kAE1 may be incorrectly targeted or once at the plasma membrane may be unstable, leading to increased degradation.
Strong evidence for the physiologic significance of the kAE1/nephrin interaction comes from the abnormal histology and albuminuria observed in Ae1 Ϫ/Ϫ mice. These mice exhibit severe hemolytic anemia and dRTA, but glomerular abnormalities had not been previously reported. 40 -42 Ae1
mice showed mesangiosclerosis and GBM abnormalities but no obvious podocyte ultrastructural changes. It is possible that the mesangial and GBM defects might be secondary to a functional podocyte defect, but this will need future studies. The marked alterations in nephrin expression in the Ae1 Ϫ/Ϫ mouse are unlikely to be simply secondary to the hemolytic anemia per se, because our analysis of two mouse models of hemolysis (sickle cell disease and BASIC RESEARCH www.jasn.org ␤-Thalassemia) with glomerular disease phenotypes 43, 44 demonstrated significant nephrin and AE1 expression (Supplemental Figure 6 ); however, expression and distribution of both kAE1 and nephrin were substantially altered in glomeruli of proteinuric CD2AP Ϫ/Ϫ mice (Supplemental Figure 7) . CD2AP binds nephrin in the SD 23, 24 and may link it to the cytoskeleton. 45 The loss of this important attachment site may destabilize nephrin localization and indirectly affect kAE1 expression.
We as yet have not investigated the possibility of a direct interaction of kAE1 with CD2AP in podocytes.
Importantly, we observed that localization of both ILK and nephrin was altered in Ae1 Ϫ/Ϫ mice. Localization of AE1 and nephrin was similarly altered in podo-Ilk Ϫ/Ϫ mice, which develop GBM defects within 3 to 4 weeks of birth, coinciding with the onset of albuminuria and preceding the development of foot process effacement and glomerulosclerosis, [32] [33] [34] and in which altered nephrin localization has been previously reported. 32 The ␣3␤1-integrin-ILK complex located at the basal domain of the podocyte foot process links the actin cytoskeleton to the extracellular matrix, mediating podocyte attachment to the GBM, cytoskeleton modulation, and cell-matrix signaling. 34 The functional links between the SD complex and the integrin-ILK complex are increasingly appreciated as being important for the functional integrity of the glomerular filter.
Our findings of disrupted glomerular localization of nephrin, ILK, and AE1 in the Ae1
Ϫ/Ϫ and podo-Ilk Ϫ/Ϫ mice, together with previously reported interactions of ILK with AE1 12 and nephrin, 32 strongly suggest that the three molecules may exist in a multiprotein complex. Within this complex, kAE1 may act as a "functional bridge" connecting the signal complexes of the SD with those of the basal domain, by simultaneously binding ILK 12 and nephrin, via its N-and C-terminal domains, respectively. Although some kAE1 may exist in alternative complexes, we speculate that the multiprotein complex that does contain kAE1, nephrin, and ILK, may include other SD and cytoskeletal proteins (e.g., CD2AP, Nck, Neph1 and Neph2, spectrin), extrapolating from reported interactions, 19, 20, [23] [24] [25] [26] and by analogy with the interactions of eAE1 with multiple erythroid cytoskeleton proteins that modulate erythrocyte mechanical and morphologic properties. 2 Of note, stable kAE1 overexpression in MDCK cells alters paracellular permeability and may involve changes in the actin cytoskeleton-linked epithelial tight junctions. 10 It is tempting to speculate that kAE1 in podocytes, rather than being required for its transport activity, may play a role in the organization and/or function of the SD, which has features of both adherens and tight junctions. 46, 47 Both kAE1 and nephrin are endocytosed from the cell surface when tyrosine phosphorylated, 11, 48 suggesting a potential mechanism of co-regulation of kAE1 and nephrin during SD remodeling. Alternatively, the presence of kAE1 may establish pH microdomains in the SD that may potentially modulate protein activity or signaling (e.g., TRPC channels). Thus, the potential interactions and role of kAE1 alongside other SD and adaptor proteins merit further study.
Finally, the potential effects of dRTA-associated AE1 mutations on glomerular function in humans should be considered. Proteinuria is not a characteristic feature of sporadic dRTA or of dRTA associated with dominant or recessive kAE1 mutations in the absence of (nominally) secondary chronic renal insufficiency or nephrocalcinosis. The proposed underlying mechanism of dominant dRTA is hetero-oligomerization of the mutant with the wild-type kAE1 protein, resulting in mislocalization of the wild-type protein in the type A intercalated cells, where high levels of basolateral kAE1 are needed for bicarbonate absorption. 10, 49, 50 Podocytes represent a different cellular context with distinct interacting proteins (including nephrin) likely involved in kAE1 targeting/stability. In dRTA, sufficient levels of podocyte kAE1 may be physiologically targeted to allow normal function. Albuminuria may nonetheless be present in some patients with dRTA. 51 In conclusion, we have identified kAE1 as a physiologically significant protein in the podocyte, whose newly identified interaction with nephrin defines a previously unknown role for kAE1 in the function of the glomerular filtration barrier. kAE1 may play a role in the organization or stability of the SD and ILK-integrin complexes and in facilitating cross-talk between subdomains of the foot process to maintain normal architecture under constantly changing glomerular filtration pressures and for repair of the GBM in response to injury.
CONCISE METHODS
Antibodies
A panel of anti-human AE1 antibodies were used: Mouse monoclonal BRIC 170 and BRIC 155 that recognized epitopes at the N-and extreme C-termini of AE1, respectively 10 ; an eAE1-specific rat monoclonal BRAC 66 antibody that recognized an epitope within 1 to 65 amino acids of eAE1 52 ; a mouse monoclonal BRIC 163 antibody against GPA 52 ; and three rabbit polyclonal antibodies raised against residues 881 through 911 of AE1 (rabAE1Ct1; rabAE1Ct2) 52 or Nterminal AE1 (65 to 80 amino acids; rabAE1Nt1). The anti-human nephrin antibodies used were mouse monoclonal (7C1) antibody and a rabbit polyclonal (K2737) that recognized intracellular C-terminal domain 53 and a rabbit polyclonal antibody (H-300) raised against amino acids 23 through 322 of the extracellular domain of nephrin (Santa Cruz Biotechnology, Santa Cruz, CA). Two additional rabbit polyclonal antibodies were raised against a peptide comprising the last 30 amino acids of nephrin C-terminus (N3 and N4). For the staining of mouse tissues, polyclonal guinea pig and rabbit anti-mouse AE1, 42 polyclonal rabbit anti-mouse nephrin, 54 mouse monoclonal antimouse ILK, 33 rabbit polyclonal anti-synaptopodin (Santa Cruz Biotechnology), mouse monoclonal anti-␣-smooth muscle actin (Sigma-Aldrich, St. Louis, MO), and rabbit polyclonal anti-fibronectin (Sigma-Aldrich) antibodies were used.
Species-specific horseradish peroxidase-conjugated antibodies (DakoCytomation, Cambridge, UK), FITC-and tetramethylrhodamine-labeled antibodies (Jackson Immunoresearch, Philadelphia, PA), or Alexa fluor 488 -and 594 -conjugated antibodies (Molecular Probes, Invitrogen, Paisley, UK) were used in Western blotting and immunofluorescence studies, respectively.
Plasmid Constructs
The plasmids containing human kAE1 in the mammalian expression vector pcDNA3.kAE1 55 and in the Xenopus expression vector BSXG1.kAE1 37 have been described previously. pcDNA3.1.AE1mem (lacking AE1 N-terminal residues 1 through 360) or C-terminal p3.1eAE1 truncation constructs have been previously published. 10, 49 The mammalian plasmid pcDNA3.1.nephrin has also been described. 56 BSXG.nephrin was constructed by PCR amplification using Expand Taq polymerase and pcDNA3.1.nephrin as a template and primers that incorporated Nhe1 sites. The resulting PCR product was cloned into pCR2.1-TOPO vector (Invitrogen), excised, and ligated into BSXG using compatible enzyme sites. Nephrin Fin Maj encoding the 2-bp frameshift deletion in NPHS1 (nt121 del 2; NPHS1 Fin Maj ) was generated using the QuikChange Site-Directed Mutagenesis kit using pcDNA3.1.nephrin or BSXG.nephrin according to the manufacturer's protocol (Strategene, Amsterdam Zuidoost, Netherlands). The yeast two-hybrid bait plasmid GBKT7-AE1Ct, containing the C-terminal residues 877 through 911 of AE1, was PCR amplified from BSXG1.kAE1 using primers that incorporated an EcoR1 and Sal1 sites. The resulting PCR product was cloned into pCR2.1-TOPO vector (Invitrogen), excised using restriction enzyme sites EcoR1 Ϫ/Ϫ mice examined, with marked expansion, increased matrix accumulation ( ‡), mesangiosclerosis (black arrowhead), and deposition of hyaline and collagen fibrils (white arrow; C, E, and G). Varying degrees of GBM abnormalities are seen in three of the four mice, ranging from mild uniform (D) to marked thickening (H) up to 10-fold increase in thickness compared with the wild-type (B), with a lamellar appearance and splitting of the lamina densa clearly seen in F and H. In contrast, the podocyte foot processes (FP) and endothelial fenestrations (EF) in Ae1 Ϫ/Ϫ animals were largely intact, with only focal areas of foot process effacement, subendothelial expansion, and endothelial cell arcade formation (*, g and H). CL, capillary lumen.
BASIC RESEARCH www.jasn.org and Sal1, and ligated into the bait vector GBKT7. Automated DNA sequencing was performed to validate all constructs (Geneservice, Department of Biochemistry, Oxford, UK).
Yeast Two-Hybrid Screen
Yeast two-hybrid screening was performed using a pretransformed Matchmaker human kidney cDNA library (BD Biosciences Clontech) and yeast strains according to the manufacturer's protocol. The bait plasmid was transformed into AH109 cells and mated with the pretransformed library strain Y187 cells containing human kidney cDNA in the pACT2 vector. Positive colonies were selected by blue growth on SD/-Ade/-His/-Leu/-Trp/X-␤-Gal plates, which also contained 3 mM 3-amino-1,2,4-triazole. Candidate clones were recovered from the yeast and retransformed into strain Y187 in the pGADT7 vector (BD Biosciences Clontech), then mated back to the original AH109 [AE1] bait strains and tested again for growth on SD/-Ade/-His/-Leu/-Trp/X-␤-Gal plates. Positive colony inserts were sequenced and identified by a BLAST search (http://ncbi.nlm.gov/blast).
Cell Culture and Transfection
Human embryonic kidney cells (HEK293T) were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin under 5% CO 2 at 37°C. Conditionally immortalized human wild-type and mutant podocyte cell lines were cultured as described previously. 53, 57 The mutant podocytes were derived from a nephrectomy specimen of a patient homozygous for the NPHS1 Fin Maj frame-shift mutation (nt121 del 2) encoding a truncated 90-residue nephrin protein. Transient transfection of podocyte cell lines with wild-type nephrin was performed as described previously. 56 Podocyte transfection was achieved at the permissive temperature of 33°C, and cells were allowed to differentiate for 14 days after temperature shift. Nephrin-transfected cells were studied at passages 2 to 3.
Human Kidney Tissues
Human kidney tissue was obtained from a specimen of normal adult donor kidney unused for transplantation (with institutional ethical approval, University of Bristol, UK). The cortical tissue was separated and frozen in liquid nitrogen and stored at Ϫ80°C until processed for immunohistochemistry. Glomeruli were isolated with the sieving method, as described previously. 58 
Mouse Kidney Tissues
The generation and characterization of the Ae1 Ϫ/Ϫ mouse model have been described in detail in previous publications. 40, 42, 59 Ae1 Ϫ/Ϫ mice were generated by gene targeting, producing a null mutation with no detectable AE1 peptides in the erythrocyte membrane and in the kidneys. Ae1 Ϫ/Ϫ animals experienced severe hemolytic anemia and growth retardation at birth with high neonatal mortality. The survival rate was improved to approximately 25% by reducing litter sizes after birth and using surviving males to continue breeding. 42 The kidney samples used in this study originated from such surviving 12-week-old mice. Detailed renal phenotyping in the surviving adult Ae1 Ϫ/Ϫ mice showed spontaneous hyperchloremic metabolic acidosis, elevated serum urea, but normal serum creatinine concentrations and normal creatinine clearance, suggestive of mild systemic dehydration and renal impairment. 42 Cortical and Figure 8 . Nephrin, ILK, and AE1 expression is disrupted in both Ae1 Ϫ/Ϫ and podoILK Ϫ/Ϫ glomeruli, suggesting an interdependency among the three proteins. (A through R) Confocal immunofluorescence microscopy demonstrating the distribution of ILK, AE1, and nephrin in the glomeruli of the wild-type (6 weeks of age; A through F), Ae1 Ϫ/Ϫ (12 weeks of age; G through L), and podo-Ilk Ϫ/Ϫ mice (6 weeks; M through R). In the wild-type animals, AE1 and nephrin appear in a capillary loop pattern, and the arrows in the merged images indicate partial co-localization of ILK with AE1 (C) and nephrin (F), respectively, in the podocytes. In the Ae1 medullary membrane protein extracts and kidney cryosections were prepared as described previously. 42 Protein quantification was performed using a modified Lowry assay 60 (Bio-Rad DC protein assay; Bio-Rad Laboratories, Hercules, CA), and 75 g of crude membrane protein was solubilized in Laemmli sample buffer and analyzed by SDS-PAGE and Western blotting.
Kidney specimens from 6-week-old podocyte-specific Ilk knockout (podo-Ilk Ϫ/Ϫ ) mice, 33 11-to 12-week-old mouse models of ␤-Thalassemia 44 and sickle cell anemia, 43 and 3-week-old CD2AP Ϫ/Ϫ mice 23 were also used for immunohistochemistry.
Co-immunonoprecipitation Studies
Co-immunoprecipitation experiments were performed as described previously. 61 HEK293T cells were transfected with kAE1 (pcDNA3.1kAE1 or pcDNA3.1e AE1 truncation mutants; 5 g) either alone or in combination with the wild-type (pcDNA3.1.nephrin; 5 or 10 g) or mutant (pcDNA3.1.nephrin Fin Maj ; 5 g) nephrin plasmids, using the calcium precipitation. 62 After 24 hours of incubation, cells were lysed with immunoprecipitation buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1 mM PMSF, 10 g/ml antipain, 10 g/ml leupeptin, 100 U/ml aprotinin, 50 mM NaF, 1 mM EDTA, and 1 mM orthovanadate) for 30 minutes on ice and clarified by centrifugation at 15,000 ϫ g for 15 minutes at 4°C. Cell lysates containing equal amounts of total protein were precleared with protein A or G-Sepharose, then incubated for 4 hours at 4°C with either protein A or G-Sepharose beads conjugated with the H-300 or BRIC 170 antibody, respectively. The precipitated complexes were eluted from the beads with SDS Laemmli buffer and analyzed by SDS-PAGE and Western blotting using multiple anti-nephrin and anti-AE1 antibodies, yielding similar results. Additional pulldown experiments were conducted on HEK293T cells transfected with wild-type nephrin, using the indicated hexahistidine-tagged synthetic C-terminal kAE1 peptides (synthesized by University of Bristol Peptide Synthesis facility) in conjunction with His Pur Cobolt beads (Themo Scientific).
Xenopus Oocyte Expression and Chloride Transport
The methods used for the preparation of purified cRNA and expression in oocytes and assay of 36 Cl Ϫ uptake were as described previously. 37 
SDS-PAGE and Western Blot Analysis
Protein samples were electrophoresed on 10% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The blots were blocked with 5% milk powder in Tris-buffered saline/0.1% Tween 20 and sequentially incubated with the appropriate primary antibodies and horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Antibody binding was detected by enhanced chemiluminescence analysis (Western Lightning; Pierce) before exposure to x-ray film (Hyperfilm; GE Healthcare, Amersham). Urinary protein excretion in Ae1 Ϫ/Ϫ mice was determined by Coomassie blue staining of polyacrylamide gels after urine protein electrophoresis.
Immunofluorescence Microscopy
The immunolabeling of human kidney sections was performed as described previously. 63 Briefly, 5-m cryosections were fixed and permeabilized with 2.5% paraformaldehyde and 0.3% Triton-100 or in methanol/acetone (6:4 vol/vol). Sections were rinsed with PBS and blocked with 4% BSA for 30 minutes before application of primary antibodies for 60 minutes at room temperature. Dual labeling was performed sequentially, and sections were washed extensively after each incubation period. Antigen-antibody complexes were detected with appropriate fluorochrome-conjugated secondary antibodies. Sections were again washed before mounting with Vectashield (Vector Laboratories, Burlingame, CA). Standard wide-field images were obtained via a Leica photomicroscope attached to a Spot 2 slider digital camera (Diagnostic Instruments) and were processed with Adobe Photoshop 5.0 software (Adobe, San Jose, CA). Confocal imaging was conducted using a Leica TCS-NT confocal laser-scanning microscope (Leica-Microsystems, Milton Keynes, UK) using a ϫ63/1.32 oil immersion objective equipped with a Kr/Ar laser. 11 Cultured podocytes were fixed in methanol/acetone, blocked with 4% BSA, serially incubated with rabbit anti-Ct AE1 antibody then with nephrin antibody 7C1, and followed by detection with suitable fluorochrome-conjugated secondary antibodies. Cells were mounted and imaged by confocal laser-scanning microscopy as described already.
Mouse 5-m cryosections were fixed and labeled as for human sections and viewed using Olympus Cell wide-field imaging system, comprising an IX81 microscope and MT20 illumination unit, CCD camera, and a ϫ60 1.25 NA oil immersion lens. Confocal images were taken on a Leica TCS-NT confocal laser-scanning microscope (as described already). Images were assembled using Adobe Photoshop 8 software and Adobe Illustrator CS 11 software.
Ae1
؊/؊ Kidney Histology and Electron Microscopy
For histologic analysis under light microscopy, sections were stained with periodic acid-Schiff, Masson's, and hematoxylin and eosin stains using standard methods. For transmission electron microscopy, specimens were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer 64, 65 and processed through to embedding in Araldite epoxy resin. 66 Ultrathin sections (100 nm) were cut, mounted on 300 mesh copper grids, and stained with uranyl acetate 67 and lead citrate. 68 Ultrathin sections were viewed on a Philips CM10, and images were captured via SIS iTEM software.
Statistical Analysis
Statistical analysis was performed using the t test. 
DISCLOSURES
None.
